Bacterial virulence may rely on secondary metabolism, but core metabolism genes are assumed to be 14 necessary primarily for bacterial growth. To assess this assumption, we correlated the genome, the 15 transcriptome and the pathogenicity of 30 fully sequenced Pseudomonas strains using two Drosophila 16 and one mouse infection assay. In accordance with previous studies gene presence-absence does not 17 explain differences in virulence among P. aeruginosa strains, but merely between P. aeruginosa and 18 other Pseudomonas species. Similarly, classical gene expression analysis of highly vs. lowly pathogenic P. 19 aeruginosa strains identifies many virulence factors, and only a few metabolism genes related to 20 virulence. Nevertheless, assessing the virulence of 553 core metabolic and 95 random non-metabolic 21 gene mutants of P. aeruginosa PA14, we found 16.5% of the core metabolic and 8.5% of the non-22 metabolic genes to be necessary for full virulence. Strikingly, 11.8% of the core metabolism genes 23 exhibit defects in virulence that cannot be attributed to auxotrophy. The compromised in virulence 24 metabolic gene mutants were mapped in multiple pathways and exhibited further defects in acute 25 virulence phenotypes and in a mouse lung infection model. Functional transcriptomics re-analysis of 26 core metabolism at the pathway level, reveals amino-acid, succinate, citramalate, and chorismate 27 biosynthesis and beta-oxidation as important for full virulence and expression of these pathways 28 indicative of virulence in various strains. Thus, P. aeruginosa virulence variation, which to this point 29 remains unpredictably combinatorial at the gene level, can be dissected at the pathway level via 30 combinatorial trancriptome and functional core metabolism analysis. 31 53 pathogens to a host-associated lifestyle 6, 16, 17 . 54 Besides the identification of many virulence factors and some of their immediate regulators, P.
Introduction 33 Pseudomonas species have been described as Gram-negative, rod-shaped, facilitative aerobic and 34 polarly flagellated bacteria with some sporulating species 1 , which are very diverse and able to utilize a 35 variety of organic compounds and colonize a wide range of niches. They can also be pathogenic to 36 humans, animals and plants [1] [2] [3] . P. aeruginosa strains stand out as human opportunistic pathogens 37 exhibiting a remarkable capacity to inhabit diverse environments, including soil and water, and the 38 ability to infect multiple model organisms, including insects, plants and mice due to their large genomes 39 and remarkable variety of virulence factors 4-6 . In humans P. aeruginosa causes acute infections in 40 injured, burned and immunocompromised patients and persistent respiratory infections in individuals 41 with cystic fibrosis (CF) 7 . 42 Previous comparative analyses of P. aeruginosa strain-specific genes revealed that different isolates 43 share >90% of their gene content irrespective of the source of their isolation (soil, wound, urinary tract, 44 lung, blood or eyes) or the type of infection they were found to cause 3, 8, 9 . The high virulence of 45 bacterial pathogens is usually attributed to the presence of pathogenicity islands, which are clusters of 46 virulence-related genes often acquired by horizontal gene transfer 10, 11 . The genomic sequence of the 47 highly virulent P. aeruginosa strain PA14 revealed a core genome with ~90% of its genes sharing 48 essentially identical homologues with the P. aeruginosa prototypic reference strain PAO1, plus islands of 49 genes related to survival in diverse environments 12, 13 . Despite the striking genomic similarity, P. 50 aeruginosa strain-to-strain variation in virulence is vast 12, 14, 15 and cannot be simply explained by the 51 presence of virulence-related genes residing on pathogenicity islands 3 . This comes against examples of 52 genome decay often described in comparative genomic studies trying to explain the adaptation of Sequence analysis and clustering. Protein sequences encoded in the Pseudomonas strains of interest 147 were downloaded from the Pseudomonas Genome Database 33 and were internally codified following 148 the style of the COGENT database for consistency and easy manipulation from computational tools 34 . 149 Sequences were filtered with CAST 35 (using default parameters) and converted in database records for 150 the NCBI BLAST suite of tools 36, 37 as previous studies have shown that filtering sequences in regions of 151 extreme amino acid composition can eliminate most of the false positive results in BLAST searches 152 without sacrificing sensitivity 38 . In this study, a new, more effective version of the CAST algorithm was 153 used 39 offering optimized performance for pan-genome analyses. We used a local installation of BLASTP 154 for performing all-against-all pairwise comparisons (e-value threshold: 10 -6 ; Composition Based 155 Statistics: off; masking mode turned: off; all other parameters left to their default values). BLAST results 156 were used for sequence clustering using the MCL software 40, 41 employed with the default parameters as 6 164 containing 254 virulence factors was created and VFs were then separated in five groups according to 165 their function: type II secretion system (19 genes), type III secretion system (37 genes), type VI secretion 166 system (18 genes), quorum sensing (44 genes) and other genes that did not enter any of these 167 categories (136) (Suppl . Table 2) . 168 Metabolic genes. We identified the proteins annotated to participate in distinct metabolic pathways 169 and categories based on the KEGG database (Kyoto Encyclopedia of Genes and Genomes, www.kegg.jp 170 19 . For the assessment of RNAseq transcriptomics data (see below) against metabolic pathways, we 171 deliberately used an independent pathway definition provided by BioCyc 43 , in order to avoid any 172 potential biases due to our initial selection of metabolic genes. 173 Phylogenetic profiles of Pseudomonas VFs and metabolic genes. Instead of relying to external 174 resources for inferring homology among proteins encoded in the genomes of interest, we employed the 175 bidirectional-best hit (BBH) approach. Briefly, parsing the all-against-all BLASTP results with custom 176 developed software, we identified cases where a protein protA from "Genome A" has protB as a best hit 177 (according to the BLASTP score) in "Genome B", which in turn has protA as its best hit in "Genome A". 178 This procedure rapidly identifies cases of 1-1 orthologs, with the drawback that some subtle cases (e.g. 179 where recent gene duplication has occurred) may be missed 44 . Moreover, cases of wrongly predicted 180 genes are expected to result in additional proteins that seem to be absent from some genomes of 181 interest. In order to alleviate this drawback, all proteins of interest that appeared to be absent from 182 particular Pseudomonas strains after the BBH analysis were further queried using translated BLAST 183 searches (TBLASTN) against the respective target genomes and if reliable hits were found they were 184 recoded as "present". Phylogenetic profiles for Pseudomonas VFs and metabolic proteins were coded in 185 Presence-Absence (PA) tables using a simple +1/-1 scheme (present/absent). PA tables were further 186 visualised using the MeV software 45 multiple array viewer feature and were subject to clustering using 187 the k-means method in the R environment 46 . These clusters were then compared to the groups 188 obtained by the pathogenicity ranking using the Adjusted Rand Index (ARI) 47, 48 as implemented in the 189 mclust R package. The ARI is a measure for the chance grouping of elements between two clustering's 190 accompanied by a measure of the statistical significance of the overlap of the groups compared. Bacterial mRNA Enrichment Kit protocol (ThermoFisher Scientific) was performed on 5 -10μg of 199 bacterial RNA, according to manufacturer's instructions. The quality and quantity of enriched mRNA was 200 measured using the NanoDrop and the Bioanalyzer systems. After assessment of the enriched bacterial 201 mRNAs, libraries were prepared using the Ion Total RNA-Seq Kit v2 protocol and reagents (ThermoFisher 202 Scientific) according to manufacturer's instructions. 203 The enriched mRNAs were fragmented, reverse transcribed and amplified after the addition of a specific 204 (~10bp) barcode to each sample. The quantity and quality of the prepared libraries was assessed on a 205 Bioanalyzer using the DNA High Sensitivity Kit, according to manufacturer's instructions. All libraries 206 were diluted to 1nM and subsequently pooled together in pools of eight. 40pM of pooled libraries were 207 further processed for templating and enrichment, and loaded onto the Ion Proton PI™ V2 chips 208 (ThermoFisher Scientific). The procedure was performed on the Ion Chef™ System using the Ion PI™ 209 IC200 Chef kit, protocol and reagents (ThermoFisher Scientific), according to the manufacturer's 210 instructions. Sequencing of the loaded chips was performed using the Ion PI™ Sequencing 200 V3 kit on 211 an Ion Proton™ system (ThermoFisher Scientific), according to the manufacturer's instructions. Initial 212 analysis, sample/barcode assignment, and genome mapping was performed on the Ion Proton server. 213 Initial attempts to map reads on the genomes of origin gave poor results with respect to the number of 214 unassigned RNAseq reads (not shown). Instead, we mapped all reads to the annotated P. aeruginosa 215 PA14 genome as a reference (GCF_000014625.1_ASM1462v1_genomic.gff). Reads per gene were 216 counted using featureCounts 49 and those corresponding to rRNA genes were in silico depleted to avoid 217 skewing the statistics of independent samples prior to processing with DESeq2 50 for the detection of Bacteria that were grown in 3 ml LB O/N cultures, 500 μl were centrifuged at 8000 rpm for 2 min, 231 supernatant was removed, and the pellet was diluted in minimal media. From this mix, 1:100 was left to 232 grow in minimal media on a culture rotator at 37°C. For each mutant we had duplicates and three time 233 points of the optical density OD 600 were taken. Minimal medium solution of 50 ml consisted of 10 ml 234 5xM9, 100 μl 1 Μ MgSO 4 , 1 ml 20% glucose and 39 ml ddH 2 O. Minimal medium with 5% fly extract was 235 produced by adding at the above solution extract from grinded flies to a 5% final concentration. bacteria. For each mutant and for the wild type strain, 20-25 flies were injected dorsoventrally as 241 previously described 24 and then transferred into vials with fresh food (at 25°C). The next day (18-24 242 hours after), plates were cultured with a solution of grinded flies to count CFUs and observe the 243 colonization ability of each mutant strain, compared to the wild type strain.
244
Intestinal Colonization Assay in flies. The colonization ability of the feeding assay-selected metabolism 245 mutants was examined, using Oregon R flies 3-7 days old, previously starved for 5-6 hours and then fed 246 with bacteria OD 600 : 3.0 for one day. The flies were next transferred into 50 ml eppendorfs with 12 holes 247 (1.2 mm in diameter) on the lid. Flies were able to reach food (Whatman filter paper disc soaked with 248 200 μl of 4% sucrose and 10% LB set on the lid and covered with parafilm) only by the holes of the lid. 249 Flies were transferred in clean 50 ml eppendorfs every day for 3 days to avoid contamination. The third 250 day, plates were cultured with a solution of grinded flies to count CFUs and observe the colonization 251 ability of each mutant strain, compared to the wild type strain. Reagent. Briefly, 500 μl of bacteria OD 600 of 1.0 or 2.0 (~10 9 ) were spun down at 8000 rpm for 3 minutes. 257 The pellet was dissolved by adding 500 μl of QIAzol and by pipetting up and down at 60°C for 10 258 minutes. Next, 100 μl CHCl 3 was added and tubes were inverted for 15 seconds. After a 5 minutes 259 incubation at room temperature, the supernatant (300 μl) was selected in a new tube, by a full speed 260 centrifugation at 4°C for 15 minutes and then mixed with 300 μl iso-propanol by inverting the tubes. 261 Tubes were then let on bench for 5 minutes and after a step of a full speed centrifugation at 4°C for 10 262 minutes, the pellets were washed out with 500 μl of 70% EtOH. Finally, after a centrifugation at 4°C for 3 minutes and air drying, pellets resuspended in 20-50 μl RNase free H 2 O by pipetting and stored at -80°C. 264 The bacterial RNA was reverse transcribed into complementary DNA (cDNA) using the PrimeScript RT To correlate the pathogenicity of 30 fully sequenced Pseudomonas strains (18 P. aeruginosa and 12 297 other Pseudomonas strains; Suppl. Table 1 ), we examined their virulence in Drosophila melanogaster, 298 using an oral and a wound infection assay that impose two distinct types of acute infection (Figure 1 A, 
299
B) 24, 54 . Kaplan-Meier survival analysis with a log rank test and pairwise comparison over strata, was 300 used to analyze the results of fly survival after the infection. Even though it is usually intuitive to group 301 bacterial strains based on visual inspection of their survival curves, this procedure is subjective. To 302 objectively partition the strains under study based on their pathogenicity, the 30 bacterial strains were 303 classified in three groups (low, medium and high), depending on the severity of their virulence 304 phenotype (Figure 1 A, 
Suppl. Tables 3-4).
We used the PA14 and CF5 strains to define the "high" and "low" virulence 306 categories, respectively, in both assays, in accordance with published data 8, 14 .
307 Non-P. aeruginosa strains tend to consistently group in the "low" virulence cluster, with a notable 308 exception of P. entomophila presence in the "high" virulence cluster. P. entomophila is a known 309 entomopathogenic bacterium, able to infect and kill insects, including Drosophila 55 . P. aeruginosa 310 strains B136-33, MTB-1, PA14, 213BR, 19BR, 9BR and 39016, on the other hand, were consistently 311 virulent, while strains CF5 and C3719 consistently low in virulence regardless of the infection assay. 312 Some P. aeruginosa strains were less consistently grouped between assays, such as PAO1, which was 313 grouped with the "high" and "medium" virulence cluster in the wound and oral infection assays 314 respectively. To more rigorously select highly and lowly virulent strains we used a model of acute 315 intranasal mouse lung infection examining the mortality rate of four of the highly (B136-33, MTB-1, 316 PA14, 213BR) and the three most lowly (C3719, CF5, PACS2) in Drosophila virulence P. aeruginosa 317 strains. We found that all but one (213BR) of the 7 tested strains retained their virulence potential in the 318 acute mouse lung infection model (Figure 1 C) . 319 320 We inferred a phylogenetic tree of all the 30 Pseudomonas strains based on the concatenated 321 alignments of two core housekeeping genes, the 16S rRNA and gyrB (Suppl. Figure 1) , which was in 322 agreement with the trees constructed using four housekeeping genes or 1679 orthologs per Duan et al., 323 2013 27 . Our results were also in agreement with previous observations that place Pseudomonas sp. 324 UW4 within the P. fluorescens clade, despite the fact that phylogenetic analysis of 16S rRNA sequences 325 alone indicates a closer relationship to the P. putida clade. 326 Next, we created a database of virulence factors (VFs) containing 254 sequences (see Methods). We 327 classified them according to their functions in five groups: type II secretion system (T2SS; 19 genes), type 328 III secretion system (T3SS; 37 genes), type VI secretion system (18 genes), quorum sensing (44 genes) and other (136) (Suppl. was obtained by merging all VFs together (Figure 2) . All VFs found to be absent in a particular genome 333 were manually re-examined with a TBLASTN analysis to exclude cases where the observed absence was 334 the result of erroneous gene-finding or incomplete annotation. We find that most VFs are present in all 335 P. aeruginosa strains, even in the less virulent strains, including stain CF5 (Figure 2 and Suppl. Table 1) . 336 Most P. aeruginosa VFs are absent in non-P. aeruginosa strains (Figure 2 and Suppl. Table 1) . It is 337 possible though that other (non-homologous) genes/proteins compensate for the same functions in 338 non-P. aeruginosa strains. 339 For type II secretion system (T2SS), all P. aeruginosa strains have all genes except from strain PA7 340 missing the toxA gene, as was previously demonstrated 12 . However, non-P. aeruginosa strains are 341 missing almost all T2SS factors. For example, P. putida KT2440 is known for lacking the toxA gene, while 342 the xcp family is replaced by the Gsp family in this strain 56 . 343 For type III secretion system (T3SS), four P. aeruginosa effector proteins have been functionally 344 identified so far, exoU, exoS, exoT and exoY 57 . Surprisingly, most P. aeruginosa strains possess either 345 the exoS or the exoU gene but not both, with the exception of strain PA7 that has none. The strain PA7 346 has no T3SS at all and a compromised virulence phenotype has been attributed to this strain 12 . The P. 347 aeruginosa 39016 strain is missing five T3SS genes (excE, excC, pcr3, popD, pscE), the LESB58 is missing 348 three genes (pcrH, excE, pscP) and the CF5 strain, known as a lowly virulent P. aeruginosa strain is only 349 missing one gene (pscQ). One T3SS gene is also missing from strain 2192 (excC) and strain SCV20265 350 (pscE). Just like for T2SS, T3SS is nearly entirely missing from all non-P. aeruginosa strains, e.g. P. putida 351 was known for not having a T3SS 56 . 352 Regarding the type VI secretion system, the 39016 strain is missing three genes (hcpC, tagT, vgrG1) and 353 the C3719 strain is missing only one gene (dotU). Interestingly, P. fluorescens has the T6SS gene hcp and 354 P. protegens has the vgrG, hcp, lip, icmF, dotU, clpV, ppka and pppA genes. Moreover, the P. aeruginosa 355 quorum sensing genes pzA2, phzB2, rhlI and rhlR involved in phenazine biosynthesis are missing, not 356 only from the non-P. aeruginosa strains, but also from various P. aeruginosa strains, including the low in 357 virulence srtrains CF5 and C3719 (Suppl. Table 2) . 358 We proceed by clustering Pseudomonas strains based on the presence-absence of specific VFs for the Gene expression of selected VFs, but not of core metabolism genes, correlates with pathogenicity 377 To identify differentially expressed genes relating to pathogenicity we performed a transcriptome 378 analysis of the 6 P. aeruginosa strains validated in mice as "high" (B136-33, MTB-1, PA14) or "low" 379 (C3719, CF5, PACS2) in virulence. RNA was extracted from bacteria grown at mid exponential and early 380 stationary phase (optical density OD 600nm 1 and 3, respectively). We selected genes differentially 381 regulated in the same direction (either over-or under-expressed) between all pairs of "high" vs. "low" in 382 virulence strains. Nine of them were differentially expressed at both growth phases (8 of which were 383 overexpressed in highly virulent strains). At OD 600nm 1 fifteen genes were overexpressed in all highly 384 pathogenic strains and 6 were overexpressed in all the lowly pathogenic strains. At OD 600 3 the highly 385 and the lowly pathogenic strains showed overexpression for 52 and 2 genes, respectively (Figure 3 A) . 386 Overall 20 VFs (most of them being quorum sensing and T3SS related), 10 metabolism genes, 5 387 transcriptional regulators and a number of hypothetical proteins were found differentially expressed 388 (Suppl . Table 5 ). 389 Among the virulence genes overexpressed in highly pathogenic species, ExoU and SpcU were found 390 overexpressed in the highly pathogenic species. This is because they do not exist in the lowly pathogenic 391 species assessed. Furthermore, out of the 18 P. aeruginosa species, 5 have ExoU (PA14, B136-33, MTB-1, 392 NCGM2.S1, 39016) and all of them have next to them SpcU, a chaperone required for efficient secretion 393 of the ExoU cytotoxin 58 , with the exception of 39016 that has no SpcU. Hypothetical proteins 394 overexpressed in highly pathogenic species include: PA14_20600, a DUF3313 domain-containing protein 395 (PFAM ID: PF11769), a domain defining a family of putative bacterial lipoproteins; PA14_04710, a 4Fe-4S 396 ferredoxin that, like other ferredoxins, mediates electron transfer in a wide variety of metabolic reactions 59 ; PA14_30690, a fimbrial protein playing a role in cell adhesion; and PA14_01120 that maps 398 to the antitoxin Tsi6 of the structurally characterized Tse6::Tsi6 complex, a toxin-antitoxin system and is 399 related to T6SSs 60 . Quorum sensing genes, such as, the phenazine biosynthesis genes phzB1, phzC1, 400 phzE1, phzM and phzS, were consistently overexpressed among all the highly virulent strains. Thus, 401 contrary to the inability of VF presence-absence profiles to distinguish highly from lowly pathogenic P. 402 aeruginosa strains, our data indicate that overexpression of particular VFs is indicative of virulence 403 potential. However, VF regulation is key to our understanding of bacterial virulence, therefore, 404 additional factors need to be investigated. 405 Among the 10 metabolic genes, 8 were found upregulated in the highly virulent strains, but mutations in 406 none of them exhibited defects in virulence in flies. Mutations, on the other hand, in the 2 407 downregulated in highly virulent strains metabolic genes exhibit clear defects in virulence (Figure 3 B) . 408 Of the latter, PA14_54640 (dspI) is a putative enoyl-CoA hydratase involved in biofilm dispersion. Its 409 mutation produces high biofilm formation, a condition that may promote chronicity to the expense of 410 acute virulence 61, 62 . The second downregulated in highly virulent strains metabolic gene PA14_72880 is 411 the putative short chain dehydrogenase involved in fatty acid biosynthesis. Mutations of its orthologs in 412 PAO1 reduce biofilm formation, but also swarming motility and LasB protease activity 63 . The fact that a 413 number of metabolic genes appear among the consistently differentially expressed genes ( Fig. 3 ) begs 414 the question on the broader contribution of metabolism in P. aeruginosa virulence 18 .
Presence-Absence of single genes cannot explain Pseudomonas pathogenicity
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Relative contribution of core metabolic and non-metabolic P. aeruginosa PA14 genes to virulence 417 To functionally assess the contribution of core metabolism genes of P. aeruginosa to virulence, we took 418 advantage of the PA14 unigene Transposon Insertion Mutant Library. The PA14 strain is highly 419 pathogenic and well annotated. Its genome contains 6,537,648 nucleotides and 5,977 annotated genes 3, 420 19 794 of which were annotated as metabolic in the KEGG database at the early phase of this project in 421 2014 (961 as of October 2019). We investigated the virulence in flies of 553 core metabolism gene 422 mutants from the PA14 mutant library corresponding to 482 core metabolism genes and 95 randomly 423 selected mutants corresponding to 94 non-metabolic genes in the pricking (wound) and feeding (oral) 424 infection fly assays. To avoid false negatives, we manually screened 3 replicates of 10 wild type orally 425 infected and 2 replicates of 20 wild type wound infected flies with each of the 648 PA14 mutant strains. 426 The time of 50% fly death (LT50%) was measured for each mutant in each assay and a Z-score analysis 427 was used to select those with a standard deviation >1 i.e. those mutants allowing more fly survival upon 428 infection (Figure 4 A-D) . To avoid false positives, selected mutants were retested for virulence and the 429 number of the attenuated mutants was finalized after performing Kaplan-Meier survival analysis with a 14 430 log rank test. Considering both assays, 16.2% (78/482) of the metabolic and 8.5% (8/94) of the non-431 metabolic P. aeruginosa genes, were found virulence-defective in flies (Figure 5 A) . Even though the 432 number of strains tested only marginally fails to statistically support that more metabolic than non-433 metabolic genes are implicated in virulence (Fisher exact test: p=0.0583), the numbers clearly suggest 434 that metabolism has a considerable contribution in P. aeruginosa virulence. Growth assessment of the virulence-defective PA14 metabolic mutants 438 The identified metabolism gene mutants might be impaired in growth (exhibit auxotrophy) rather than 439 being directly involved in virulence factor production. Therefore, we sought to determine which of the 440 78 attenuated in virulence PA14 metabolic gene mutants are growth-essential in culture or necessary 441 for host colonization during infection. We assessed growth in two types of minimal media (without or 442 with fly extract as an extra nutrient source), as well as, the level of colonization during infection at the 443 respective infection model (wound or oral) in which each of these mutants was found attenuated in 444 virulence. 445 Using a standard minimal medium we initially identified 34 out of the 78 core metabolic mutants as 446 prototrophs for being able to grow similarly to the wild type strain ( Table 1) . The remaining 44 core 447 metabolic mutants did not grow at all in this medium, requiring additional nutrients for their growth. 448 Nevertheless, if the needed nutrients are available in flies during infection, the lack of virulence should 449 be due to a direct effect of the mutants in virulence rather than in growth. To assess this possibility, we 450 inoculated minimal media supplemented with 5% fly extract with each of the 44 core metabolic 451 mutants. This medium offers all the nutrients the bacterium can find in flies in the absence of the host 452 defense against the bacteria. We found 12 of the 44 PA14 metabolic mutants to grow similarly to the 453 wild type and considered them conditional prototrophs (Table 2 -Group A, B) . All 8 virulence-related 454 non-metabolic mutant strains were also able to grow in this medium (Suppl. Figure 2 A, B) and we did 455 not test them any further. 456 Moreover, we sought to examine the 78 metabolic mutant strains during initial colonization, to identify 457 auxotrophic strains able to colonize the flies, but also to study the colonization ability of the 458 prototrophs. We adapted our wound and intestinal infection assays to assess colonization efficiency 459 rather than fly survival. For the intestinal colonization assay we infected flies for only one day with all 460 flies being subsequently transferred to tubes with clean food, every day for 3 days. For the wound 461 colonization assay we injected the bacteria in the flies instead of pricking them with a tungsten needle to bypass the fly immune system that can easily eliminate attenuated in virulence bacteria at the wound 463 site 24 . Calculating the number of retrievable bacteria per fly we found that 29 of the 34 prototrophs 464 ( Table 1 ) and 17 of the remaining 44 strains (Table 2 -Group A, C) were able to colonize the flies like the 465 wild type. In summary, we found 34 prototrophs ( Table 1) , 23 conditional prototrophs able to grow 466 either in the host or in minimal medium cultures supplemented with fly extract (Table 2, Group A-C) and 467 21 auxotrophs unable to grow in the host or in culture (Table 2, Group D) . Accordingly, 11.8% (57/482) 468 of the core metabolic and 8.5% (8/94) of the non-metabolic attenuated strains were categorized as 469 virulence-related (Figure 5 A) , suggesting that many and functionally disparate metabolism genes are 470 connected to P. aeruginosa virulence. To better understand the connection of the multi-host attenuated metabolic mutants with virulence, we 485 studied 13 of them for the production of virulence factors associated with acute infection, namely, 486 bacterial motility, and T3SS and quorum sensing gene expression. Bacterial motility is very important for 487 P. aeruginosa virulence 64 . We examined the disruption of P. aeruginosa metabolic genes affecting its 488 motility. We tested two types of motility: swarming and twitching for the 13 PA14 metabolic transposon 489 (Tn) mutants found attenuated in both flies and mice. Mutants for epd, surE, gtdA, purN, folK, metF, 490 hom and rpoC, were noticeably defective for swarming motility compared to the wild type strain (P < 491 0.001 for the first 7 and P < 0.01 for the last one), while pgsA and purD, exhibited increased swarming 492 motility compared to the wild type (P < 0.05) (Figure 7 A) . Regarding the twitching motility, the mutants 493 surE, gtdA, miaA, rpoC, pgsA and purN exhibited a strong decrease in their ability to twitch compared to 494 the wild type (P < 0.01) (Figure 7 B) , but also the pckA, folK and epd mutants were significantly defective 495 in twitching motility (P < 0.05) (Figure 7 B) . Only hisD and purD Tn-mutants were not impaired in any of 496 the two motilities. 497 498 Gram-negative bacterial pathogens have evolved multiple protein secretion systems that facilitate the 499 infection of eukaryotic hosts. P. aeruginosa utilizes its type III secretion system (T3SS) to enhance its 500 pathogenicity by injecting cytotoxic effector proteins into the host cells 65 . T3SS expression is regulated 501 transcriptionally and post-transcriptionally in response to host cell contact and environmental Ca 2+ 502 levels 66 . We examined the expression of the T3SS regulatory gene exsC and the effector protein exoT, in 503 the 13 Tn-mutants, under Ca 2+ limiting conditions (5mM EGTA). We observed reduced expression of the 504 exoT in 10 of the 13 selected mutants and overexpression in 1 of them, compared to the wild type 505 (Figure 8 A) . Similarly, the expression of exsC is reduced in 5 of these mutants, with only purD remaining 506 unaffected in the expression of any of the two genes (Figure 8 B) . Nevertheless, purD as well as the 507 miaA, rpoC, surE, , purN and gtdA mutants were compromised in the expression of the type IV pilus 508 biogenesis gene pilA (Figure 8 D) , while the pa1L gene, which is controlled by quorum sensing is 509 significantly affected by miaA, rpoC and tentatively purD (Figure 8 C) . miaA, is a tRNA 510 isopentenyltransferase, a tRNA modification enzyme important for translation efficiency, while rpoC is 511 the DNA-directed RNA polymerase beta subunit that has an important role in transcription. Our results 512 suggest that the disruption in miaA and rpoC and the rest of the metabolic genes impact acute virulence 513 by compromising one of more of key aspects of P. aeruginosa virulence.
515
Virulence-related and "high" vs. "low" differentially expressed core metabolism genes are found in 516 the same metabolic pathways 517 To pinpoint metabolic gene expression patterns important for P. aeruginosa virulence, we assessed the 518 differential expression of the 78 core metabolism genes required for the full virulence of P. aeruginosa 519 strain PA14 in the 3 selected high vs. the 3 selected low in virulence P. aeruginosa strains. Close 520 inspection of differential gene expression in all possible "high" vs. "low" strain comparisons reveals that 521 there is no consistent differential gene expression at any of the bacterial growth phases. That is, 45 of 522 the 78 functionally important metabolic genes do not exhibit any differential expression among any of 523 the 18 comparisons performed. The remaining 33, for which statistically significant up-or down-524 regulation was observed in at least one tested case, are mostly differentially expressed in the minority 525 of "high" vs. "low" virulence comparisons (Suppl. Figure 3) . 526 However, using the BioCyc Pathway/Genome Database Collection we identified 107 differentially 527 expressed metabolic pathways containing genes differentially expressed between at least one highly 528 (PA14, MTB-1, B136-33) vs. all 3 lowly (C3719, CF5, PACS2) virulent strains and pathways containing one or more of the 78 functionally validated genes. Overlapping these pathways, we find 8 of them 530 containing genes upregulated in the all virulent strains against all low in virulence strains and at least 531 one gene that compromises virulence when mutated (Figure 9 A, Suppl. Table 6 ). These common 532 pathways are related to: (i) the 4-hydroxyl-phenylacetate degradation and succinate production, (ii) the 533 glutamine biosynthesis from glutamic acid, (iii) the shikimate and chorismate biosynthesis from D-534 erythrose 4-phosphate, (iv) the branched chain amino acid biosynthesis of leucine, (v) the 2,5-and 3,5-535 xylenole degradation to citramalate, and (vi) the beta-oxidation of fatty acids (Figure 9 B, Suppl. Table   536 6). These data strongly support the idea that differences in virulence among P. aeruginosa strains, are 537 arising from differential gene expression of genes belonging in specific core metabolism pathways. Computational screening further elucidates interconnectivity between P. aeruginosa virulence factor 549 synthesis and growth with a metabolic network as a denominator 18 . Such studies support the notion 550 that core metabolism genes are growth-essential and unsuitable drug targets due to their high potential 551 for resistance development 18 . Our functional transcriptomics approach though suggests the existence of 552 a widespread growth-independent effect of core metabolism gene expression in virulence. 553 We defined virulence genes as those necessary to the full virulence of P. aeruginosa in conditions able 554 to sustain their growth or their host colonization ability. Thus, we included as growth-independent, 555 mutants able to grow similarly to wild type strain in minimal media supplemented or not with fly 556 extract; and mutants able to colonize the host in the infection assay (wound or oral) supporting their 557 atteniuation in virulence. t We found that 11.8% of the growth-independent metabolic genes and 8.5% 558 of the non-metabolic genes are directly linked to virulence. Of the former, histidine metabolism were 559 conditional prototrophs for being able to grow efficiently in minimal media supplemented with fly 560 extract and colonize the flies as efficiently as the wild type P. aeruginosa strain. The virulence 561 attenuation of these mutants is more likely due to defects in virulence rather than growth defects. 562 Similarly, most of the purine metabolism mutants were conditional prototrophs for being able to grow 563 in minimal media that contained fly extract, but these mutants were unable to colonize flies to the same 564 extent as the wild type strain. This suggests that although enough nutrients for growth exist in the host 565 tissues, bacteria are unable to acquire them through their virulence factors. Interestingly, we also 566 identified conditional prototrophs that although unable to grow efficiently in culture in any of the two 567 types of minimal media, they could colonize flies normally, thus the corresponding genes may help to 568 damage the host, irrespective of their contribution to growth. 569 To validate our approach, we assessed VF production in a subset of the metabolic gene mutants that 570 were attenuated in virulence not only in flies but also in a mouse lung infection model. We found that all 571 of them exhibit defects in at least one aspect of virulence. Moreover, most of them are involved in 572 metabolic steps absent from the human metabolism network. Thus, many metabolic genes could be 573 targets for anti-infective therapies against acute P. aeruginosa virulence. It is nevertheless questionable 574 whether prioritization in pharmacological targeting should be given to virulence-related metabolic genes 575 also affecting growth or those that do not affect growth. 576 Moreover, we found differential expression of many known virulence factors and some metabolism 577 genes through classical transcriptome analysis of highly vs. lowly pathogenic P. aeruginosa strains. 578 Combinatorial functional transcriptomics analysis at the pathway level was much more informative, 579 revealing metabolic pathways containing differentially expressed genes between all 3 highly virulent vs. While the impact of specific core metabolism genes is not discernible at the genomic level, interesting 588 patterns emerge. By classifying the 30 fully sequenced Pseudomonas species experimentally in two 589 different Drosophila infection assays (wound and oral infection) as low, medium or high in virulence, we 590 found that the phylogeny of the 30 strains correlates well with their virulence classification in the wound 591 infection, but not in the oral infection assay. This is probably because the wound infection is more acute 592 and guided by highly efficient virulence related genes, as opposed to the intestinal environment in 593 which Pseudomonas is less adapted. The phylogeny of the 30 strains also correlates well with virulence 594 factor gene content, which is expected since P. aeruginosa species have their own repertoire and group 595 together in the phylogenetic tree and separately from the non-P. aeruginosa strains. Similarly, the phylogeny of the 30 strains also correlates with major metabolic pathway gene content. Thus, the 597 existing correlations between pathogenicity of the 30 Pseudomonas strains and gene content cannot be 598 attributed specifically to VFs or metabolic genes. The gene content of the 30 Pseudomonas spp. 599 regarding five metabolic pathways (carbon, glycolysis, pyrimidine, propanoate metabolism and valine, 600 leucine, isoleucine degradation) explains their virulence classification upon the wound infection, but not 601 the oral infection. Nevertheless, when the analysis is repeated with only the P. aeruginosa strains, no 602 correlation is evident for any comparison. Thus, the existing correlation between the pathogenicity of 603 the 30 Pseudomonas strains and genomic content in metabolic genes cannot be attributed to specific 604 genes, but rather to broader interspecies differences. Given the difference in expression of virulence 605 factors and core metabolism pathways in distinguishing highly from lowly virulent strains it is likely that 606 gene promoter differences rather than gene content of VFs and core metabolism genes accounts for the 607 strain to strain variation in virulence potential. Assay (B) . The time of 50% fly death (LT50%) was assessed for each mutant and 643 condition and a Z-score analysis was used to select those with a score >1 for any of the two assays, from Glycine, serine and threonine metabolism PA14_65560 (serB)
44
Glycolysis / Gluconeogenesis PA14_62830 (tpiA)
Group (D) (# 21 mutants)
Slow growth compared to the wild type PA14 in all the above assays *: Found attenuated in both assays (pricking and feeding); NT: Not Tested 706 707 
